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Summary 

A parametric cranked delta planform study has been 
conducted in the Langley 14- by 22-Foot Subsonic Tun- 
nel with the following objectives: (1) to evaluate the vor- 
tex flap design methodology for cranked delta wings, 
(2) to determine the influence of leading-edge sweep and 
the outboard wing on vortex flap effectiveness, (3) to 
evaluate novel flow control concepts, and (4) to validate 
unstructured grid Euler computer code predictions with 
modeled vortex and trailing-edge flaps. 

Two families of cranked delta planforms were inves- 
tigated. One family had a constant aspect ratio, while the 
other had a constant nondimensional semispan location 
of the leading-edge break. Planform inboard leading- 
edge sweeps of 68°, 71°, and 74° were tested in combina- 
tion with outboard leading-edge sweeps of 48° and 61°. 
The planform 68/48 with 68° inboard and 48° outboard 
leading-edge sweeps was used as the baseline for com- 
parison with other planform families. Vortex flaps for the 
different planforms were designed by an analytical vor- 
tex flap design method. 

The results indicate that less than optimal perfor- 
mance was obtained with the analytically designed vor- 
tex flaps, and the effectiveness of the vortex flaps was 
only slightly influenced by the variations in the paramet- 
ric planforms. The unstructured grid Euler computer 
code was successfully used to model the configurations 
with vortex flaps. Also, the vortex trap concept was suc- 
cessfully demonstrated on a cranked delta planform. 

Introduction 

NASA and the U. S. A. aerospace industry have 
entered a joint high-speed research (HSR) program to 
reexamine the feasibility of High-Speed Civil Transports 
(HSCT). A major focus of this work is to determine the 
environmental impact of the next generation HSCT and 
the cost associated with reducing the environmental 
impact to acceptable levels. The main environmental 
concerns of the next generation HSCT are ozone deple- 
tion in the stratosphere, sonic boom strength, and airport- 
community noise. 

High airport noise levels accompany HSCT configu- 
rations because their highly swept, low-aspect-ratio 
wings, which are required for efficient supersonic flight, 
are inefficient at subsonic high-lift conditions. During 
these conditions, the leading-edge flow tends to separate 
and form a vortex system, which can be useful in produc- 
ing additional lift. However, the aerodynamic efficiency 
of the wing is actually reduced because of large increases 
in drag resulting from the formation of the vortex system 
and the loss of leading-edge suction. To overcome the 


performance deficiency, additional thrust is required for 
takeoff, which increases source noise levels. 

The only commercially flying HSCT, the Concorde, 
produces takeoff noise levels far above conventional sub- 
sonic transports and above the current Federal Aviation 
Regulation (ref. 1) for noise limits. Although the 
Concorde is exempt from the noise restrictions, it has 
limited access to international airports in the U. S. A. and 
elsewhere because of concerns about excessive noise. 
For the next generation HSCT to be economically viable, 
it must have worldwide access to the air transport mar- 
ket. Therefore, the next generation HSCT must be in 
compliance with the same airport noise regulations as 
those for subsonic transports. Significant airport noise 
reductions will be achieved through advances in engine 
and acoustic technology. However, additional noise 
reductions will be required and will likely be obtained 
through increases in the subsonic high-lift performance 
of the next generation HSCT. Improvements in the sub- 
sonic high-lift performance of an aircraft reduces airport- 
community noise because less thrust is required for take- 
off. Previous research (ref. 2) has shown that substantial 
noise reductions can be obtained by assuming certain 
levels of improvements in high-lift performance. How- 
ever, reference 2 does not address how the performance 
improvements will be obtained. 

One approach that increases the subsonic high-lift 
performance of a highly swept wing is the use of leading- 
edge vortex flaps. A correctly designed vortex flap 
positions the leading-edge vortex system on the forward- 
facing area of a deflected flap. This creates a low- 
pressure region over the deflected surface and results in a 
net thrust component. Although the vortex flap concept 
has been investigated for a wide range of leading-edge 
sweeps on delta wings (refs. 3-6), only limited cranked 
delta wing (ref. 7) data are available for what appears to 
be the preferred planform of the next generation HSCT. 
Concern about the influence of the cranked delta wing 
shape on the design and effectiveness of vortex flaps has 
resulted in this investigation. 

A series of eight flat plate cranked delta planforms 
with numerically designed vortex flaps has been tested in 
the Langley 14- by 22-Foot Subsonic Tunnel. The fol- 
lowing objectives of this test were: ( 1 ) to evaluate the 
vortex flap design methodology (ref, 8) for cranked delta 
wings, (2) to determine the influence of planform shape 
on the effectiveness of vortex flaps, (3) to assess novel 
flow control concepts, and (4) to evaluate unstructured 
grid Euler computer code predictions on cranked delta 
planforms with modeled vortex and trailing-edge flaps. 

The cranked delta planforms were divided into two 
families. One family had a constant aspect ratio, and the 
other had a constant nondimensional semispan location 


of the leading-edge break. (See fig. 1.) Planform inboard 
leading-edge sweeps of 68°, 71°, and 74° were tested in 
combination with outboard leading-edge sweeps of 48° 
and 61°. The planform 68/48 with 68° inboard and 48° 
outboard leading-edge sweeps was used as the baseline 
for comparison with other planform families. To isolate 
the aerodynamic effects of the outboard wing, the plan- 
forms were also tested with the segment of the wing out- 
board of the crank removed. This resulted in a series of 
very-low-aspect-ratio clipped delta wing planforms. 

Additional high-lift and pitch control devices were 
tested on the baseline planform. Trailing-edge flap end 
plates were investigated for possible reduction of the tip 
effects on the very-low-aspect-ratio flaps typically used 
on HSCT configurations. Outboard leading-edge snags 
similar to concepts investigated previously by Rao and 
Johnson (ref. 9) were examined for additional pitch 
control. 

To increase the lifting capability of the aft section of 
the wing, inboard and outboard vortex trap concepts 
(fig. 2), also known as locked vortex concepts, were 
tested. For this concept, an open-ended channel on top of 
the wing is created by extending the leading- and 
trailing-edge flaps beyond their respective hinge lines. 
Span wise blowing through the channel is normally 
required to entrain flow into the channel and create the 
trapped vortex system. 

Under certain conditions, the flow separates from the 
trailing edge of the forward flap and reattaches on the 
leading edge of the extended trailing-edge flap, which 
effectively adds camber and thickness to the wing. A 
complex vortex system is formed in the channel between 
the two flaps. (See ref. 10.) Previous work on this con- 
cept has shown that large increments of lift can be 
obtained, but very high levels of spanwise blowing 
through the channel are required. (See refs. 11 and 12.) 
In this study, work was done to determine if the trapped 
vortex phenomenon could be reproduced on cranked 
delta wings and if the dependency on spanwise blowing 
could be reduced or eliminated. 

To aid in the investigation, several of the planforms 
were pressure instrumented and extensive on- and off- 
body flow visualizations were obtained. Most of the 
investigation was conducted at a free- stream dynamic 
pressure of 70psf, which corresponds to a Reynolds 
number of 1.5 x 10 6 ft" 1 . The angle of attack was varied 
between -4° and 20°, while the roll and yaw angles were 
held constant at 0°. 

Symbols 

The force, moment, and pressure data were reduced 
to standard coefficient'Torm. For each planform, the 


moment reference center (MRC) was located at the inter- 
section of the upper surface of the flat plate wing, the 
vertical plane of symmetry, and the model station at 
50 percent of the mean aerodynamic chord. Table I lists 
all the quantities pertinent to data reduction for each of 
the planforms. The reference areas used to reduce the 
data with the flaps installed did not include the vortex 
flap area. 


A (L/D) 


wing aspect ratio, — 

wing span, ft 

drag coefficient, ^ ra f 

induced-drag coefficient 
drag coefficient at zero lift 
incremental drag coefficient 

lift coefficient, 

incremental lift coefficient 


lift coefficient, 


pitching-moment coefficient. 

Pitching moment 

< 7oc^ 

incremental pitching-moment coefficient 


pressure coefficient, 


jet momentum coefficient, 


2^ jet 


distance from TE flap hinge line divided by 
local chord of TE flap 

mean aerodynamic chord, ft 

nozzle height above wing upper surface, in. 

lift-drag ratio 

incremental lift-drag ratio 

jet Mach number 

mass flow rate per side, slug/sec 

surface static pressure, psf 

nozzle total pressure, psf 

free-stream static pressure, psf 

free-stream dynamic pressure, psf 

Reynolds number, ft" 1 

outboard panel removed, no spanwise 
extension 

reference area, ft 
leading-edge suction parameter 
jet total temperature, °R 
jet velocity, ft/sec 
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V„ free-stream velocity, ft/sec 

X, Y, Z Cartesian system coordinates 

x, y local coordinates of vortex flaps (table HI) 

a angle of attack, deg 

5 at aft trap plate deflection angle, deg 

5 ft forward trap plate deflection angle, deg 

^ibf inboard trailing-edge flap deflection 

angle, deg 

5 obf outboard trailing-edge flap deflection 

angle, deg 

5 v f vortex flap deflection angle, deg 

r\ w spanwise distance along wing surface divided 

by local semispan of wing 

r\j- spanwise distance along vortex flap surface 

divided by local span of vortex flap measured 
from hinge line to leading edge 

Abbreviations: 

AR family with constant aspect ratio 

CB family with constant nondimensional 

semispan leading-edge break location 

LE leading edge 

MRC moment reference center 

OBLE outboard leading edge 

TE trailing edge 

TR thrust removed 

Model Description 

Planforms 

Eight flat plate cranked delta wing models were 
tested to investigate the influence of planform shape on 
the design and effectiveness of leading-edge (LE) vortex 
flaps. (See fig. 1.) Each model consisted of an inboard 
wing panel and an outboard wing panel to facilitate plan- 
form changes. All the wing panels were constructed from 
0.5-in. sheet aluminum with the lower surface beveled 
30° normal to all edges. The planforms shared a common 
ogive forebody and a cylindrical fuselage 4.5 in. in diam- 
eter. The fuselage axis of symmetry was located 1.125 in. 
above the upper surface of the flat wing. Other pertinent 
model dimensions and details are presented in figure 3. 
To keep the cost of the models down, stock materials and 
simple fabrication processes were used. As a result, the 
quality of the models was significantly lower than nor- 
mal. Physical dimensions often differed by as much as 
0.1 in. from the model design, and some vortex flap 
deflections varied by several degrees along the hinge 
line. 


The planform models were split into the following 
two families of varying inboard LE sweep: a family with 
constant aspect ratio (AR) and a family with a constant 
nondimensional semispan location of the LE break. For 
both families of planforms, inboard LE sweeps of 68°, 
71°, and 74° were tested. Most planforms were con- 
structed with an outboard LE sweep of 48° and an out- 
board trailing-edge (TE) sweep of 10°. However, the 
constant-break (CB) family was tested with an additional 
outboard wing panel having LE and TE sweeps of 61° 
and 30°, respectively. The outboard wings in the 
constant-aspect-ratio family were allowed to grow span- 
wise and chordwise to maintain the aspect ratio of the LE 
sweep of planform 68/48, which was chosen to be the 
baseline in the study. 

To isolate the influence of the outboard wing, all 
planforms were tested with the outboard wing panels 
removed as indicated by the dashed lines in figures 1 
and 3. Small spanwise extensions were added to the 
constant-aspect-ratio planforms with 7 1 ° and 74° of LE 
sweep to create a family of constant-aspect-ratio clipped 
delta wings indicated by the dotted lines in figures 1 
and 3. 

Flaps 

LE vortex flaps were designed for each of the five 
inboard wing panels by Frink’s vortex flap design 
method. (See ref. 8.) The vortex flaps were designed for 
a configuration lift coefficient C L = 0.8 with the vortex 
flaps deflected 30° and TE flaps (description to follow) 
deflected 15°. To maintain a constant C^, the design a 
varied slightly for each configuration. (See table Dl.) 

Frink’s vortex flap design method uses a vortex lat- 
tice analysis (ref. 13) incorporating Polhamus’s leading- 
edge suction analogy (ref. 14) and Lan’s vortex action 
point relationship. (See ref. 15.) From the analysis, pre- 
dictions of the LE vortex strength and location of the 
vortex action point (i.e., location of the resultant force 
vector of the vortex) at multiple spanwise stations are 
obtained. With this information, the local chord of the 
flap is increased or decreased to position the resultant 
force at the user-prescribed chord location (recom- 
mended by Frink to be 45 percent of the local chord to 
produce flow reattachment at the hinge line). A curved 
leading-edge shape typically results from the design 
procedure. 

All the vortex flaps were designed with the 48° out- 
board wing panel in place. In the numerical model, the 
flow on the outboard wing was assumed to be separated 
from the undeflected sharp leading edge and formed into 
a crank vortex. Thus, Polhamus’s suction analogy was 
applied in this region to account for the additional lift of 
the crank vortex. 
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The planforms with 61° of outboard LE sweep and 
the clipped delta planforms were tested with the vortex 
flaps designed with the 48° outboard wing panel in place. 
This was done to isolate the effects of the outboard wing. 
Vortex flaps for the AR family dipped delta planforms 
with the spanwise extensions were created by stretching 
the corresponding original vortex flaps along the hinge 
line aft of the maximum chord location. (See fig. 4.) In 
addition, an inverse tapered vortex flap was tested on 
planforms CB 74 and CB 74/48 to compare the perfor- 
mance of a numerically designed vortex flap with that of 
a simpler vortex flap designed with a straight leading 
edge. 

Figure 4 is a sketch of each vortex flap tested and 
table III lists their coordinates. Table n contains the wet- 
ted area and design a of each vortex flap tested; design a 
was varied slightly between planforms to maintain a con- 
stant C L . The vortex flaps were fabricated from 0.090-in. 
sheet aluminum with the leading edges left blunt. When 
the flaps were cut from the aluminum sheet, material 
extending 0.75 in. inboard of the hinge line was left to 
create an attachment flange. The flange overlapped the 
leading edge of the inboard wing instead of being 
recessed into it. (See fig. 5(a).) This produced a 0.090-in. 
aft-facing step on the upper surface of the wing after the 
vortex flaps were installed. Vortex flap deflections were 
obtained by bending the flaps along the hinge line to the 
desired deflection angle. 

The vortex flaps were tested in combination with 
inboard and outboard TE flaps. The inboard trailing edge 
was divided into three equally sized flaps. Outboard, a 
tapered TE flap extended from a typical location of an 
outboard engine to the wingtip. Actual dimensions of the 
flaps are shown in figure 3. 

A constant-radius outboard leading-edge (OBLE) 
flap was also tested with the vortex and TE flaps. (See 
fig. 5(b).) This flap was constructed by curving a strip of 
0.090-in. sheet aluminum into a 1.5-in. arc sector with a 

2,0-in. radius. The arc sector begins tangent to the upper 
surface of the wing and curves normal to the wing lead- 
ing edge (hinge line). A 0.25-in.-diameter wooden dowel 
was epoxied to the leading edge of the flap to promote 
attached flow. Again, a flange was used to mount the 
OBLE flap in the same manner as the vortex flaps. A 
photograph of planform 68/48 with vortex and OBLE 
flaps installed is presented in figure 6(a). The OBLE 
flaps were also tested with spacers placed between the 
flap and upper surface of the wing to simulate a crude 
slotted flap. (See fig. 6(b).) 


Additional Flow Control Concepts 

The baseline planform 68/48 was used to evaluate 
some additional high-lift and pitch control devices. An 
OBLE snag was added to the model for potential pitch 
control. (See fig. 7(a).) The snag was constructed from a 
strip of 0.090-in. sheet aluminum that extended 0.8 in. 
(5 percent of the break chord) upstream of the leading 
edge and was attached to the planform with use of the 
same flange system as described previously. 

To improve the effectiveness of the TE flaps, end 
plates were added to the sides of the deflected flaps as 
shown in figure 7(b). The end plates were created with 
triangular pieces of cardboard taped over the gaps cre- 
ated by the deflected flaps. 

A final concept, the vortex trap or locked vortex con- 
cept (fig. 8), was investigated for its high-lift potential. 
The concept was tested at the following two locations: on 
the aft sections of the inboard wing as shown in figure 9 
and on the outboard wing as shown in figure 10. The 
inboard vortex trap system was created by deflection of a 

4.0- in.-chord flat plate (25 percent of the break chord) 
from the upper surface of the wing and addition of a 

4.0- in. forward extension to the TE flaps. The hinge line 
of the forward trap plate was located 1.0 in. aft of the LE 
break and oriented spanwise. Both trap plates spanned 
the same region of the wing as the inboard TE flaps. A 
0.25-in.-diameter dowel was added to the leading edge of 
the aft trap plate to promote flow reattachment. The 
spanwise flow required to generate the locked vortex sys- 
tem was produced from a nozzle located in the side of the 
fuselage between the two trap plates. To recover some of 
the potential thrust of the spanwise blowing jet, a jet 
deflector was added to the forward trap plate as shown in 
figures 8 and 9. 

The forward trap plate of the outboard vortex trap 
system (fig. 10) was created by attachment of an upward- 
deflected flap plate along the LE. A forward extension 
was added to the deflected TE flaps to produce the aft 
trap plate. The chord length of both the forward and aft 
trap plates were 25 percent of the local wing chord. 
Again, a 0.25-in.-diameter dowel was added to the lead- 
ing edge of the aft trap plate, and spanwise blowing from 
a jet located between the trap plates and in the plane of 
the wing break was used to increase the flow through the 
channel. 

Pressurized air (50psi) for the vortex trap system 
was supplied to each side of the model through a 0.65- 
in. -inner-diameter stainless steel pipe with 0.6-in. - 
diameter choke ring at the exit. (See fig. 11.) The air sup- 
ply lines were mounted nonmetrically to the sting and the 
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location of the nozzle exits could be moved by a shift in 
the mounting point. 

Pressure Instrumentation 


An internally mounted six-component balance was 
used to measure the model forces and moments. Longitu- 
dinal load capacities and quoted accuracies (0.5 percent 
of maximum rated load) are presented in table IV. 


The planforms 68/48, AR 74/48, and CB 74/48 were 
pressure instrumented on the upper surface with three 
spanwise rows of ports on the wing panels, two spanwise 
rows on the vortex flaps, and two chordwise rows on the 
inboard TE flaps. A sketch and tabulation of the pressure 
port strip locations are provided in figure 12. Holes were 
drilled through the wing panels and flaps to create the 
pressure ports, which were than connected with 0.060- 
in.-diameter steel tubing to 5-psid electronically scanned 
pressure transducers inside the fuselage. The steel tubing 
was routed along the lower surface of each planform and 
covered with aluminum tape. This procedure undoubt- 
edly increased the drag of the planforms with pressure 
instrumentation. However, because the tape remained in 
place during the entire time that a planform was being 
tested, incremental changes in drag for particular plan- 
form configurations (i.e., vortex flaps on-off, etc.) were 
not caused by the tape. Thus, comparisons between the 
different planforms based on incremental data should be 
meaningful. 

Note that the strips of pressure ports are located sep- 
arately for the flaps and main wing (i.e., not necessarily 
at the same fuselage station). Thus, the pressure data are 
discontinuous across the strips. Also, the TE flap strips 
are nondimensionalized by the local flap chord with the 
origin at the flap hinge line. The strips on the vortex flaps 
are nondimensionalized by the local span of the vortex 
flap measured from the hinge line to the leading edge; the 
strips on the planform are nondimensionalized by the 
local semispan of the planform with the origin at the 
plane of symmetry. 

Test Conditions and Procedures 

The experimental investigation was conducted in the 
Langley 14- by 22-Foot Subsonic Tunnel configured 
with a closed test section. (See ref. 16.) The test condi- 
tions were limited to variations in tunnel dynamic pres- 
sure and angle of attack a. Tunnel dynamic pressure was 
varied from 10 to 110 psf, which resulted in a Reynolds 
number range of 0.6 x 10 6 to 1.8 x 10 6 ft” 1 . For most of 
the LE and TE flap investigation, the dynamic pressure 
was held at 70 psf, which corresponded to a Reynolds 
number of 1.5 x 10 6 ft -1 . Throughout the test, angle of 
attack was varied from -4° to 20°, while the model refer- 
ence center was maintained at the centerline of the tun- 
nel. The angle of attack was measured with an internally 
mounted accelerometer. 


To ensure a consistent boundary layer state between 
the planforms, No. 60 carborundum grit was applied to 
the entire fuselage and the upper surface of the wing. 
This practice was particularly important because the flow 
field was vortex dominated with multiple separation and 
reattachment lines. Although the existence of grit over 
the entire upper surface will add to the drag of a configu- 
ration, comparisons between planforms based on incre- 
mental data derived from geometrical changes to the 
individual planforms (i.e., vortex flaps on-off, etc.) 
should be valid. 

The leading-edge suction parameter s p was used as 
an additional figure of merit for evaluation of the effect 
of planform shape on the performance of vortex flaps. 
The definition and usefulness of this parameter are dis- 
cussed in detail in references 17 and 18. For this applica- 
tion, the theoretical upper limit of s p was computed with 
the assumption of an elliptically loaded wing with 
induced-drag coefficient C D ■ = C L /nA. The equation 
used to define s p is given by ’ 

100 

where 

^ j 

(r' = 

dC L /d a 

During the investigation of the vortex trap system, 
the free-stream dynamic pressure was typically set at 
10 psf to obtain a sufficient momentum ratio of the jet. 
The spanwise blowing nozzles were maintained at 
choked conditions to ensure the ability to quantify their 
flow properties. Prior to the test, total pressure probes 
upstream of the nozzle exits were calibrated to the total 
pressure at the exits to establish the choked condition. 
The mass flow rate was measured by a turbine flow 
meter located outside of the test section where jet total 
temperature T t j ct was also measured. From 7) ; ct , jet 
velocity Vj ct was computed with the assumption that the 
flow was adiabatic with jet Mach number Mj et = 1 .0. 

Throughout the wind tunnel investigation, flow visu- 
alization techniques were used to assist in the analysis. 
Surface flow visualization was obtained with the use of 
motor oil mixed with a fluorescent dye and illuminated 
with ultraviolet light. To increase the effectiveness of the 


(C D - C D 0 ) - Catena 
C D>i -C L tana' 
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fluorescent dye, the surfaces of the models were painted 
flat white to reflect the ultraviolet light back into the flu- 
orescent oil without creating additional glare. Off-body 
flow visualization was obtained by injection of a cloud of 
vaporized propylene glycol into the flow upstream of the 
contraction section. A laser light sheet illuminated the 
vapor and created a two-dimensional vapor screen. 

Discussion of Results 

Leading-Edge Flaps 

Basic observations . A summary of the test configu- 
rations and conditions is presented in table V. The col- 
umn labeled “Appendix figures” indicates whether 
pressure or surface flow visualization data were obtained 
for that condition and, if so, in what figures of the appen- 
dix the data are presented. The pressure data presented in 
the appendix contain plots for a limited number of angles 
in an angle-of-attack sweep. Typically, the surface flow 
visualization data presented are for a single a. 

The effect of dynamic pressure on the longitudinal 
aerodynamics of the cranked delta pi an forms with flaps 
deflected is typified in figure 13, Over the small range of 
dynamic pressures and corresponding Reynolds num- 
bers, the data show a slight variation with dynamic pres- 
sure; however, the variation is not much larger than the 
spread of repeat data. The weak influence of dynamic 
pressure or Reynolds number is expected because the 
flow field is dominated by LE separation and vortical 
flow. 

Figure 14(a) presents the effect of grit application on 
the entire upper surface of the model as described in the 
model description. The effect on the forces and moments 
is not much more than the differences of repeat data. The 
surface pressure distributions, with or without grit (typi- 
fied in fig. 14(b)), follow the same trends. 

Figure 15 is representative of the surface flow fea- 
tures and pressure distributions obtained on the cranked 
delta models with vortex flaps (other planforms are pre- 
sented in the appendix). On the inboard portion of the 
wing, the primary reattachment line is clearly shown in 
figure 15(a). The change in direction of the surface flow 
lines just outboard of the wing LE break indicates the 
presence of a crank vortex. Also, the secondary separa- 
tion lines on the vortex flap and on the outer wing panel 
are easily discernible. Closer examination of the outer 
panel reveals the reattachment line of the secondary 
crank vortex. From these observations and the off-body 
flow visualization, a detailed understanding of the com- 
plex vortex system can be developed, and a sketch of the 
probable system is presented in figure 16, As shown in 
figure 16, the primary and crank vortices are two distinct, 


corotating vortices over the wing at moderate a’s 
(a« 10°). Downstream of the wing, the two vortices 
merge. As a increases, the location at which the vortices 
merge moves upstream, and at the higher a’s (a> 16°) 
only one vortex can be seen in the off-body flow 
visualization. 

Design of vortex flaps. The surface flow visualiza- 
tion and pressure distributions at a= 10° in figure 15 
represents the vortex flap design condition for the plan- 
form AR 74/48. A properly optimized vortex flap posi- 
tions the entire load induced by the primary vortex on the 
deflected flap and forces flow reattachment at the hinge 
line. (See ref. 8.) This should produce the most efficient 
pressure distribution for drag reduction. Clearly in this 
case, the primary vortex reattachment line is a consider- 
able distance inboard of the vortex flap hinge line. (See 
fig. 15(a).) As indicated by the suction peaks in the pres- 
sure distributions of strips 3 and 4, the induced load is 
not being carried entirely by the vortex flap. The experi- 
mental results suggest this flap design is less than opti- 
mal, and a much longer flap chord is required to obtain 
the greatest drag reduction. 

These results are typical of all the vortex flaps tested 
in this investigation. At the design condition (see the sec- 
tion entitled “Flaps”), the primary reattachment line was 
always inboard of the vortex flap hinge line, which was 
indicative of a less than optimal vortex flap design. 
Another investigation used Frink’s vortex flap design 
method on cranked delta planforms with far better 
results. (See ref. 7.) 

The main difference between the two applications of 
the design method was in the configuration of the out- 
board wing. In reference 7, the vortex flap design had 
attached flow LE flaps on the outboard wing, and these 
flaps were appropriately modeled in the numerical design 
of the vortex flaps. In this investigation, the vortex flaps 
were designed without any LE device on the outboard 
wing. The sharp, undeflected leading edge of the out- 
board wing promoted the formation of a crank vortex 
system. This reduced the probability of having dramati- 
cally different outboard flow fields (i.e., different levels 
of attached flow if outboard LE flaps were used) between 
the various planforms tested. Maintenance of a consistent 
outboard wing flow field across the planforms was nec- 
essary to eliminate misleading conclusions about the 
influence of planform shape on the effectiveness of vor- 
tex flaps. 

In the numerical design of the vortex flaps in this 
investigation, the flow on the outboard wing was 
assumed to be dominated by a crank vortex, and 
Polhamus’s leading-edge suction analogy was applied to 
this region to get vortex load estimates from the vortex 
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lattice model. The application of the suction analogy 
accounts for the additional lift of the crank vortex by the 
addition of an increment directly to the computed 
attached flow C L . However, neither the suction analogy 
nor the vortex lattice computer code, which is based on 
the assumption of attached flow over the entire lifting 
surface, can account for changes in the LE upwash due to 
the existence of the crank vortex system. The changes in 
the LE upwash, which were not accounted for in the 
numerical model but which occurred physically, are pos- 
sibly the main reason for the less than optimal vortex flap 
designs. The change in upwash created by the crank vor- 
tex probably increases the local a along the vortex flap, 
which will increase the size of the LE vortex and the 
optimal vortex flap. Even though the vortex flaps in the 
present investigation did not perform as desired at the 
design condition, they were all designed on a common 
design logic basis that should not mask the planform 
effects. 

Planform effects on vortex flaps . The effects of 
planform variation on the longitudinal aerodynamics of 
the clipped delta planforms (fig. 1) in the cruise configu- 
ration are shown in figure 17. Because the variation in 
the planform parameters was not very large, trends in the 
data resulting from the planform effects are not easily 
discernible. The C L and drag coefficient C D data appear 
to show an influence of both LE sweep and aspect ratio. 
The pitching-moment coefficient C m data (fig. 17(b)) for 
the CB family shows a definite influence of LE sweep or 
aspect ratio. Because the C m data for the AR family are 
essentially independent of planform, the observed trend 
in the CB data is probably an effect of the changing 
aspect ratio. Although there are variations in the L/D 
data, no understandable trends are apparent. 

Figure 18 presents the cruise data for the cranked 
delta planforms. Note that no cruise data were obtained 
for the planform AR 71/48. At least for the CB family, 
the C L and C D data seem to be influenced by LE sweep 
-or aspect ratio. Isolation of the effect is not possible 
because of the lack of a discernible trend in the AR fam- 
ily. Both families of planforms show a strong depen- 
dency on LE sweep in the C m data. 

Planform influences on TE flap effectiveness are 
presented in figure 19 for the clipped delta planforms. To 
make the trends in the data more apparent, increments 
were computed by subtraction of the cruise data from the 
deflected flap data for each planform. However, only 
slight differences in the computed increments occur 
between the different planforms. The only obvious trend 
is a decrease in flap effectiveness with an increase in LE 
sweep in the CB family of clipped delta planforms. The 
effectiveness of TE flaps on the cranked delta planforms 
is illustrated in figure 20. Again, the differences between 


the planforms are small, and because data for the plan- 
form AR 71/48 were not obtained, no conclusions can be 
drawn from the trends. 

The planform effects on the longitudinal aerodynam- 
ics of the cranked delta planforms at the vortex flap 
design condition are shown in figure 21, and plots for the 
clipped delta planforms at the same condition are 
included for completeness in figure 22. 

Trends in the data resulting from the planform 
effects are not easily discernible. In this case, increments 
were computed by subtraction of data without the vortex 
flaps from data with the vortex flaps for each planform. 
(See figs. 23 and 24.) Note that the use of increments to 
determine the planform effects on the vortex flaps has the 
additional benefit of removing the baseline trends in the 
data. For example, an increase in the aspect ratio of a 
wing will increase its lift curve slope. However, this 
method of computing increments will remove the base- 
line trend, and the final results will indicate whether the 
increase in aspect ratio has an additional influence on the 
effectiveness of vortex flaps. The purpose of this investi- 
gation was to obtain this type of information. 

Figure 23 presents the resulting increments for the 
clipped delta planforms. The plots of incremental lift 
coefficient A Q, suggest an influence of LE sweep on the 
amount of lift lost at up to a = 10° for the CB family. 
Because the same trend is not apparent in the AR data, 
this could be an aspect ratio effect. The AC^ data for the 
cranked planforms are presented in figure 24(a). The data 
appear to group according to LE sweep between a = 2° 
and 6°. As in the clipped delta data, the absence of trends 
at higher a’s is likely due to differences between the 
planforms in the onset of TE flap separation and the 
angle of attack at which the action point of the LE vortex 
moves off the vortex flap and onto the main wing. Move- 
ment of the vortex action point onto the wing is indicated 
by A Ci becoming less negative with increasing angle of 
attack (for planform 68/48 this occurs just above 
a = 12°). For unknown reasons, the data from the plan- 
forms AR 74/48 and CB 74/48 do not display a break in 
A C^, although the primary vortex is known to move onto 
the main wing at higher angles of attack. 

The incremental drag coefficient A C D data appear to 
be grouped along family lines for both the clipped and 
cranked delta planforms with the 68° LE sweep plan- 
forms residing in the CB family. (See figs. 23(a) 
and 24(a).) This grouping is particularly evident in the 
clipped delta planforms where there is no outboard wing 
panel to obscure the results. The clipped delta planforms 
also show an influence of LE sweep at high a’s. Because 
both families of clipped delta planforms appear influ- 
enced by LE sweep, aspect ratio is not a likely influence. 
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Why the 68° LE sweep planform tends to group with 
the CB family and consistently shows a larger incremen- 
tal difference than the other two members of the AR fam- 
ily is not clear. If this were an influence of LE break 
location, then more variation between the other AR plan- 
forms would be expected because of their different non- 
dimensional LE break locations. The planform 68/48 
does have a slightly lower aspect ratio that the other 
members of its AR family. (See table I.) However, this 
does not explain why there is not more variation in the 
CB family as a result of the relatively large aspect-ratio 
differences and why the same phenomenon is observed 
in the clipped delta data where the aspect ratio of the AR 
family has been held constant. 

A more decisive parameter to consider for determi- 
nation of the influence of the planform on the design and 
effectiveness of vortex flaps is the lift-drag ratio L/D . 
This design parameter is typically maximized for best 
takeoff performance and noise reduction. As shown in 
figures 23(b) and 24(b), L/D for all the test planforms 
was increased with the vortex flaps deployed above 
a = 2°. The most prominent trend in the incremental lift- 
drag ratio A (L/D) data is the grouping into the respective 
families of planforms above a= 10°. Again, planforms 
68 and 68/48 group with the CB family. The AR and CB 
families of cranked delta planforms display a depen- 
dency on LE sweep for a < 10°. 

As shown in figure 23(b), an influence of LE sweep 
on the incremental pitching-moment coefficient AC m for 
the clipped delta planforms above a = 8° seems to exist. 
The A C m increases with an increase in LE sweep, which 
is the opposite trend typically found for uncambered 
delta wings. (See fig. 17.) The data for the CB family of 
cranked delta planforms (fig. 24(b)) also show an influ- 
ence of LE sweep at higher a’s. 

Figure 25 shows the longitudinal aerodynamics of 
the planforms in the CB family and planforms having a 
different outboard wing panel. The alternate wing panel 
changes the outboard LE sweep from 48° to 61° and the 
outboard TE sweep from 10° to 30°. Generally, the 
change in the outboard wing shape results in a loss of lift 
and an increase in drag and pitching moment. 

The influence that the alternate outboard wing panel 
has on the effectiveness of the vortex flaps is illustrated 
in figure 26. As before, the increments are obtained by 
subtraction of data without the vortex flaps from data 
with the vortex flaps for each planform. The planforms 
with higher outboard sweep tend to produce less drag 
reduction with deployment of the vortex flaps. However, 
losses in lift associated with vortex flaps are not as great 
for the higher outboard sweep planforms. Surprisingly, 
these two effects result in a slight improvement in L/D 


for the planforms with higher outboard sweep. (See 
fig. 26(b).) 

The surface pressure distributions (fig. 27) indicate 
that the flow on the vortex flap and forward section of 
the wing is not affected much by changes to the outboard 
wing. In fact, only the pressure distribution of strip 5 
appears to be significantly altered, but the comparison 
here is limited because the 61° outboard wing panel was 
not pressure instrumented. 

Effect of OBLE flaps . Planform influences on the 
longitudinal aerodynamics of the cranked delta wings 
with OBLE flaps are presented in figure 28. The lift, 
drag, and L/D data of the CB family show a dependency 
on LE sweep or, more likely, aspect ratio. In the 
constant-AR family, the most distinct trend is the 
decrease in pitching moment with an increase in inboard 
LE sweep. Figure 29 presents the increments obtained by 
subtraction of the vortex flap data without the OBLE 
flaps from the data with OBLE flaps. With the data plot- 
ted in this form, the baseline trends are subtracted out, 
and the CB data no longer exhibit the dependency on 
aspect ratio as observed in figure 28. The most signifi- 
cant effect produced by the addition of the OBLE flaps is 
the decrease in drag (fig. 29(a)), which is indicative of 
the leading-edge suction produced by the OBLE flaps. 
The increased LE suction produces dramatic increases 
in L/D . (See fig. 29(b).) Why A C L data for the planform 
68/48 vary as much as they do and are not more consis- 
tent with the other planforms is unclear. 

Comparison of the OBLE flaps on and off data 
clearly shows that the OBLE flaps greatly improve the 
performance of the planforms. Figure 30 presents such a 
comparison for the planform 68/48. For a’s between 0° 
and 16°, substantial drag reduction results with the 
OBLE flaps on, which dramatically improves the L/D 
ratio. As shown in the pressure plots of figure 31, the 
flow over the forward section of the wing is virtually 
unaffected by the addition of the OBLE flaps. The main 
effect that the OBLE flaps have on the wing pressure dis- 
tribution is replacement of the large suction peak created 
by the coalescing of the primary and crank vortex with 
two smaller suction peaks over the outboard wing 
(strip 5). The most inboard suction peak is the footprint 
of the primary vortex, while, the outboard suction peak is 
the footprint of a vortex forming from flow separating at 
the hinge line of the OBLE flaps. The hinge line separa- 
tion is evident in the surface flow visualization presented 
in figure 32. (See surface flow visualization of other 
cranked delta planforms in the appendix for greater clar- 
ity.) As seen in the comparison of surface flow visualiza- 
tion (fig. 32), the flow lines of the primary vortex on the 
OBLE flap configuration no longer change direction at 
the outer panel prior to flowing into the secondary 
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separation line. This indicates that the LE crank vortex 
has been eliminated and accounts for part of the drag 
reduction obtained with the OBLE flaps in place. How- 
ever, most of the drag reduction can be attributed to the 
LE suction produced by the highly curved OBLE flaps. 
The surface flow visualization clearly indicates attached 
flow on the forward-facing, thrust-producing, OBLE 
flap. 

Because the flow over the OBLE flaps separates at 
the hinge line, the full benefit in aerodynamic perfor- 
mance was not realized. To extend attached flow aft of 
the hinge line, the OBLE flaps were crudely modified to 
resemble slotted flaps. The resulting force data show no 
sign of improvement. (See fig. 31.) However, the flow 
visualization presented in figure 32(c) indicates signifi- 
cant streamwise flow patterns and suggests a potential 
for improved performance with a cleaner installation and 
slot optimization. 

In figure 33, the leading-edge suction parameter is 
presented in summary with the aerodynamic perfor- 
mance improvements obtained with the vortex and out- 
board LE flaps deployed on the cranked delta planforms. 
Without exception, the addition of the vortex flaps and 
the OBLE flaps produces substantial improvement in s p . 
Note that data for the planform AR 71/48 are not pre- 
sented because the cruise data for this planform were not 
obtained. 

Variations to vortex flaps . Several vortex flap de- 
flections were tested on the 68° LE sweep clipped and 
cranked delta planforms. (See fig. 34.) Because the 
resultant force of a vortex flap acts normal to its surface, 
an increase in 5yf rotates the resultant force away from 
the lift plane and toward the thrust plane. Thus, as shown 
in figure 34, A C L and A C D become more negative with 
an increase in the vortex flap deflection angle 5 vf . The 
A C m also decreases because of the loss of lift ahead of 
the moment reference center. As 5 vf is increased, the 
angle of attack relative to the LE of the vortex flap is 
reduced. This delays the movement of the primary vortex 
onto the main wing and increases the a for maximum 
vortex flap effectiveness. 

Figure 35 shows the effect of vortex flap design on 
the longitudinal aerodynamics of the planform CB 74/48. 
Up to a = 12°, the data of the straight LE inverse-tapered 
flap are surprisingly similar to the highly curved, numer- 
ically designed flap. Even above a= 12°, the JJD data 
are nearly identical. From a system design and manufac- 
turing point of view, the results are encouraging. The 
straight LE flap should be much easier to incorporate into 
the aircraft, and it should be less expensive to 
manufacture. 


Other Flow Control and High-Lift Devices 

Flap end plates and LE snags . For the typical 
HSCT planform, the middle segment of the inboard TE is 
left undeflected to provide space for an inboard engine. 
Two very-low-aspect-ratio TE flaps, one on each side of 
the engine location, are produced by the TE segmenta- 
tion. To reduce the tip effects on these very-low-aspect- 
ratio flaps and thereby improve their effectiveness, the 
TE flaps on the planform 68/48 had end plates attached. 
The middle flap of the three inboard flaps was left un- 
deflected, and the other two flaps were deflected 15°. 
Vertical end plates were attached to the side of the flaps 
to close the gaps created by the flap deflections. As 
shown in figure 36 the end plates had essentially no 
effect on the measured forces and moment. The results of 
the flap end plates suggest the ineffectiveness of the TE 
flaps is due more to the lack of camber in the flaps than 
to their low-aspect ratio. 

Likewise, the OBLE snags that were investigated for 
their potential pitch control benefits were ineffective. 
(See fig. 37.) The normal philosophy for use of an LE 
snag is to create a strong LE vortex over the wing that 
will produce considerable pitching moment. In this case, 
a strong cranked vortex already exists over the outboard 
wing, and the snag only slightly repositioned it. 

Inboard vortex trap system. The flow field over the 
aft section of the inboard wing has very low momentum, 
which results in a wing area that is not being used effi- 
ciently to generate lift. (See fig, 14.) However, this 
region of the wing is a good location for lift augmenta- 
tion through the use of a vortex trap ’system. The region 
is large enough to accommodate the components of the 
trap system, and the area represents a considerable per- 
centage of the planform. Thus, an increase in the amount 
of lift carried in this region will significantly add to the 
total lift of the aircraft. 

Figure 38 shows vapor screen flow visualization of 
such a system with and without spanwise blowing. 
Clearly, the flow separating from the forward trap plate 
does not reattach on the extended TE flap without the 
spanwise blowing. However, with sufficient spanwise 
blowing, flow entrainment into the jet turns the stream- 
lines of the flow above the channel. The flow becomes 
aligned with the extended TE flap and reattaches to it. 
The net result is a large increase in the local camber and 
the lift increment shown in figure 39. Unfortunately, the 
increase in lift comes at the cost of a considerable reduc- 
tion in L/D when compared with the planform without 
the trap. 

Also shown in figure 39 is the extremely large instal- 
lation penalty in C L for jet momentum coefficient 
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Cp = 0.0, which must be overcome by the vortex trap 
system before any benefit is obtained. The large amount 
of spanwise blowing required to overcome the installa- 
tion penalty produces a favorable a shift in the lift curve 
even without the trap system installed. The increase in 
lift for the case of jet alone is due to the creation of a 
low-pressure region over the wing induced by the jet 
flow. There is also an effective increase in wing camber 
due to the free-stream flow maneuvering over the jet 
flow. At lower a’s, the drag at a given lift does not 
change between blowing on and off. For C L > 0.6, the jet 
flow actually has a favorable effect on C D . The spanwise 
blowing jet is probably reducing the extent of separated 
flow on the outboard wing. 

Because the mass flow required by the spanwise 
blowing jet would have to be supplied by the aircraft 
engines, a jet deflector was added to the outboard end of 
the forward trap plate to recover some of the thrust lost 
by blowing spanwise. The deflector turned the spanwise 
jet flow downstream into the thrust direction. As seen in 
figure 39, the drag polar is shifted by about 600 drag 
counts, which means 40 percent of the possible thrust can 
be recovered (<7^ = 0.15). Actually, only about 30 per- 
cent of the possible thrust is recovered because some of 
the drag reduction is an induced effect discussed later. 
These results are encouraging because the crudeness of 
the test trap system leaves many opportunities for further 
reduction of installation penalties and improvement in 
thrust recovery. 

The induced effect of the jet deflectors on drag 
becomes apparent by examination of thrust-removed 
(TR) data. These data were obtained by subtraction of the 
static axial force with blowing on from the axial-force 
data with the tunnel and blowing on. Even with the thrust 
removed, C D and L/D still show a large improvement 
with the jet deflectors installed when compared with the 
data without the jet deflectors installed, (See fig. 39.) In 
fact, the induced drag reduction accounts for at least one- 
third of the apparent thrust recovered throughout the test 
a range. Surface flow visualization of the trap system 
with and without the jet deflector installed (fig. 40) 
clearly illustrates why the favorable induced effect of the 
jet deflector exists. Without the jet deflector installed, 
flow entrainment into the spanwise flowing jet is so 
strong that most of the flow over the outboard wing aft of 
the jet is flowing upstream. With the jet deflector in 
place, the entire flow field on the outboard wing is now 
flowing downstream. Furthermore, flow entrainment into 
the deflected jet is sufficiently strong to eliminate the 
hinge line separation observed previously on the OBLE 
flap. (See fig. 32.) 

Addition of the jet deflector also modifies the behav- 
ior of the lift curve. (See fig. 39.) At lower a’s, the lift is 


reduced, but its behavior is more linear. As a increases, 
the effectiveness of the vortex trap system appears to be 
increased with the jet deflectors in place. The jet deflec- 
tors reduce the rate at which the flow can pass through 
the channel and extend the trapped vortex phenomenon 
to higher a’s. 

Figure 41 shows the influence of on the effective- 
ness of the inboard vortex trap system. As expected, an 
increase in C ^ increases the trap effectiveness. In fact, 
the increase is nearly linear with C^. For this system, a 
= 0.075 is required just to overcome the installation 
penalties in lift noted previously. Because the data in 
figure 41 do not have the thrust removed (note that the jet 
deflectors are in place), the large decreases in drag 
obtained with increase in are a thrust effect. 

The vortex trap system was tested at two different 
sets of trap plate deflection angles to examine the influ- 
ence of deflection on vortex trap effectiveness. At the 
higher deflection case, the wing camber is increased and 
so is the lift. (See fig. 42.) However, L/D is essentially 
unchanged. The installation penalty is significantly less 
in both lift and drag for the lower deflection case. Also 
for the low-deflection case, drag actually increases with 
blowing on. The drag increase, which is caused by 
destruction of the flow over the outboard wing with the 
spanwise flowing jet, is possibly greater than the drag 
reduction obtained from improvement of the flow over 
the aft inboard trap plate. Note that the nozzle height was 
adjusted with changes in the plate deflection angles to 
maintain the same ratio to the forward trap plate height of 
60 percent. Also, all the data presented in figure 42 are 
without the jet deflector. 

The influence of nozzle height is presented in fig- 
ure 43. Only small differences in the data are observed 
for the two test heights. However, it appears the optimal 
nozzle height may be sensitive to a. 

Outboard vortex trap system . The large amount of 
spanwise flow on the outer panel presented an opportu- 
nity to create the trapped vortex phenomenon with less 
spanwise blowing. Despite much effort, a working vortex 
trap system with flow reattachment on the TE trap plate 
was never developed. The large taper ratio of the out- 
board wing panel is probably the reason why the trapped 
vortex phenomenon failed to develop. As the local chord 
of the outboard wing decreases, the cross-sectional area 
of the channel created by the trap plates decreases, and 
there is not enough space for the vortex system to remain 
trapped between the plates. Flow visualization supports 
this hypothesis and clearly shows that much of the flow 
between the trap plates was spilling over the aft trap plate 
as the wing chord decreased. 
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Figure 44 shows the buildup of the outboard vortex 
trap system. Even though flow visualization indicated 
that the trapped vortex phenomenon never developed, a 
lift increase was obtained with the vortex trap system in 
place and spanwise blowing. However, the same lift 
increase was obtained with only spanwise blowing over 
the wing with the OBLE flap on and TE flaps deflected. 
The considerable increase in drag with the vortex trap 
system in place is partly due to replacement of the OBLE 
flap (which has been shown to produce significant LE 
suction) with the forward trap plate, which resembles a 
spoiler deflected into the free-stream flow. Further drag 
increases can also be attributed to the greater amounts of 
separated flow on the higher deflected TE flaps 
(^ibf = 30). 

Numerical Investigation — Unstructured Euler 

Computer Code Grids 

An unstructured grid Euler flow solver was used to 
model several of the clipped and cranked delta planforms 
with vortex flaps deployed and TE flaps deflected. A 
recently developed time-implicit version (ref. 19) of the 
Euler solver (USM3D) described in reference 20 was 
used. The solver is a cell-centered, finite-volume, 
upwind method utilizing flux-difference splitting. 

The unstructured grid Euler flow solver was of par- 
ticular interest because its unique capabilities were ide- 
ally suited for analysis of the type of configurations and 
flow features found in this investigation. Discretization 
of the flow field with an unstructured grid provided the 
capability to model the complex geometry of multiple 
deflected surfaces with relative ease. Solution of the 
Euler equations instead of the more complicated Navier- 
Stokes equations required far less resources and, yet, pro- 
vided the capability to simulate the dominant flow char- 
acteristics of LE flow separation and the formation of LE 
vortices. However, the strength and extent of the LE vor- 
tices may not be correctly predicted because of the lack 
of viscous effects in the Euler equations. Likewise, vis- 
cous flow features such as secondary vortices from sec- 
ondary separations or hinge line separation cannot be 
predicted by the Euler equations. 

The unstructured grids were created with the inter- 
active tetrahedral grid generator (VGRID) developed by 
Parikh et al. (See ref. 21.) Improvements by Pirzadeh 
(ref. 22) to incorporate a structured background grid into 
the advancing-front methodology of VGRID greatly 
increased the robustness of the computer code. Another 
unique feature added by Pirzadeh was the capability to 
directionally cluster points in the grid with user- 
prescribed point and line sources. As a result of these 
improvements, high-quality unstructured Euler grids 


about the various planforms with multiple deflected sur- 
faces could be routinely produced in a day. 

Although many different configurations were ana- 
lyzed, only results from the planform 68/48 with 
s vf = 30°, inboard TE flap deflection angle 8 ib f = 15°, 
and outboard TE flap deflection angle § obf = 15° will be 
presented in this report to demonstrate the utility of the 
method and to illustrate the problems encountered. Two 
grids, one fine and one course, were created for this con- 
figuration. The fine grid was composed of 660482 tetra- 
hedra created from 119459 nodes with 26620 boundary 
cells. The far field was extended five mean-chord lengths 
away from the model in all directions. Figure 45 shows 
the fine grid triangulation on the surface and the plane of 
symmetry for the planform 68/48 with the previously 
stated deflections. The course grid for this configuration 
consisted of 404259 tetrahedra, 74150 nodes, and 20742 
boundary cells. Typical solutions on the fine grid 
required 120 megawords of memory and 6 hr of process- 
ing time on a Cray Y-MP. 

Figure 46 shows the comparison between the com- 
putational data from the two grids and the experimental 
data. Note that a 0.0069 increment has been added to the 
computed drag as an estimate of the skin friction drag 
determined from flow over a flat plate, (See ref. 23.) The 
fine-grid solutions more accurately predict the experi- 
mental results. The benefit from further grid refinement 
was not investigated because of memory limitations of 
the computer. Between a = 6° and 10°, the agreement 
between computational and experimental data is reason- 
ably good for all components. Outside of this limited a 
range, the computational results vary greatly from the 
experimental data or do not exist at all. Two definite 
problems with the computational results are the inability 
to obtain converged solutions above a = 1 1 0 on either of 
the grids and the inability to predict the effect of decreas- 
ing a below 6°. 

However, close examination of the flow field data 
provides clear explanations for the discrepancy in the 
force correlations and indicates that the Euler method 
(USM3D) is actually providing an excellent prediction of 
the dominant flow features. Figure 47 shows computed 
off-body pressure coefficient C p contours at several fuse- 
lage stations. The C p contours clearly show the presence 
of a vortex located over the vortex flap and the outboard 
wing. The formation of a crank vortex is predicted by 
USM3D, but it merges with the primary vortex farther 
upstream than shown in the off-body flow visualization. 

As seen in the comparison of surface flow field pat- 
terns (fig. 48), the location of the reattachment line of the 
primary vortex is accurately predicted by USM3D all the 
way to the TE even though the primary and crank vortex 
combined prematurely in the numerical simulation. 
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Because the secondary flow region between the wing LE 
and the secondary separation line is created by viscous 
effects, its presence is not expected to be predicted by the 
Euler computer code. The oil-flow lines indicate, both 
experimentally and numerically, a large amount of span- 
wise flow on the outboard wing induced by the primary 
vortex. The combination of this spanwise flow and the 
segmented TE flap deflections produces an aft-facing 
step in the surface flow field. In the numerical simula- 
tion, artificial dissipation causes the upper surface flow 
to separate at the geometric discontinuity and form a 
region in the flow which resembles a separation bubble. 
Throughout the remainder of this report, this region in 
the computed flow field will be referred to as an inviscid 
separation region. (See fig. 48.) Although not shown 
here, the inviscid separation region increases in size with 
an increase in a. The interaction between the inviscid 
separation region and the primary vortex, located directly 
above it, is theorized to become unstable, and converged 
solutions cannot be obtained above a - 11°. 

As seen in figure 49(a), USM3D correctly predicts 
the footprint of the primary vortex on the main wing 
(strips 3, 4, and 5) at a = 10°. The good correlation in the 
onset location of the vortex pressure rise further demon- 
strates the ability of USM3D to predict the reattachment 
line of the primary vortex. This is an essential attribute of 
a vortex-dominated flow that must be captured for design 
purposes. 

At strip 1, the increase in suction caused by the pri- 
mary vortex is predicted by USM3D, but experimentally, 
its location is shifted inboard because of the secondary 
flow region. The nearly constant level of suction seen in 
strips 1 and 2 between the LE of the vortex flap and the 
primary vortex is not predicted by the Euler computer 
code because this secondary flow region is a product of 
viscous effects. 

The pressure distributions on the TE flaps correlate 
reasonably well for the two a’s presented (fig. 49), but 
USM3D overpredicts the pressure recovery approaching 
the trailing edge of the flaps. In both the experimental 
and computational data, the TE flap pressures are virtu- 
ally independent of a because the oncoming flow has 
aligned with the flat surface wing prior to reaching the 
flaps. 

At a = -2° (fig. 49(b)), the C p correlation along all 
the other strips is very good. The only noticeable differ- 
ence between the data is on strip 5 where there is a small 
suction peak not predicted by USM3D. More impor- 
tantly, the difference between the computational and 
experimental upper surface C p distributions cannot pos- 
sibly account for the large variation in the force data at 
this a. So, the errors in the predicted forces may be due 
to pressure differences on the lower surface. No lower 


surface pressure data were obtained during the experi- 
mental investigation. However, careful examination of 
the computed lower surface pressure distribution indi- 
cated a possible problem. The inviscid expansion around 
the discontinuous comer of the TE bevel influenced the 
flow field much farther upstream than anticipated. 

To assess the effect of the TE bevel on the predicted 
flow, the cruise configuration of the planform 68/48 was 
run at a = 0° with the normal 30° TE bevel and the blunt 
TE. Expanded views of the two TE models are presented 
in figure 50(a). The resulting lower surface pressure con- 
tours are shown in figure 50(b). For a flat plate at a = 0°, 
C p should be zero across most of the plate, which is true 
for the blunt TE model. However, the beveled TE model 
has an extensive negative C p region. 

Changes in the pressure distribution of the upper sur- 
face (fig. 50(c)) were limited to the TE region. The pres- 
sure recovery on the upper surface is greater for the 
beveled TE model, and this may be one reason why the 
differences between experimental and computational 
pressures increase near the TE for the deflected TE flap 
case. (See fig. 49.) Because the effects of the TE bevel on 
the upper surface appear to be limited to the TE, the flow 
field results discussed previously are thought to be indic- 
ative of the USM3D capability and are not just 
fortuitous. 

The negative pressures on the lower surface integrate 
into a considerable loss of lift. However, the negative 
pressures are not physical because the boundary layer 
will smooth out the surface discontinuity at the TE bevel 
and eliminate the large expansion. For this reason, the 
force and moment data of the blunt TE model agree 
much better with the experimental data of the cruise 
configuration at a = 0°. (See table in fig. 50(b).) Un- 
doubtedly, the TE bevel influences the solution regard- 
less of the flap deflection angles because of the flow 
alignment effect discussed previously. So, the inviscid 
modeling of the flow around the TE bevel is possibly the 
primary cause of the poor force and moment correlation 
at the low a’s seen in figure 46. 

These results are not indicative of a shortcoming in 
USM3D or unstructured grid methods, but rather in the 
Euler equations. Other researchers (ref. 24) have shown 
similar effects when the TE bevel of a flat plate is mod- 
eled in an Euler analysis using structured grids. The 
problem could probably be eliminated by artificially 
rounding the discontinuity at the TE bevel or by modify- 
ing the boundary condition until the force data matched 
at a chosen a. However, that was not done because the 
intent of the Euler analysis was to determine the useful- 
ness of USM3D in modeling configurations that have 
multiple deflected surfaces and are dominated by vortical 
flow. The results presented clearly demonstrate this 
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capability and suggest USM3D would be an excellent 
analysis tool for the design of vortex flaps. 

Conclusions 

A parametric planform study has been conducted in 
the Langley 14- by 22-Foot Subsonic Tunnel to evaluate 
the influence of leading-edge sweep and the outboard 
wing panel of cranked delta wings on the effectiveness of 
vortex flaps. The test results were also used to evaluate a 
vortex flap design methodology for cranked delta plan- 
forms and to assess the capability of an unstructured grid 
Euler computer code to model configurations with 
leading-edge vortex flaps and trailing-edge flaps. In 
addition, the baseline planform was used to evaluate 
novel flow control concepts for future High-Speed Civil 
Transports. The most significant results are summarized 
as follows: 

1. The vortex flaps designed with Frink’s vortex flap 
design methodology did not perform as desired. At 
the design condition for every configuration tested, 
the primary vortex reattachment line was inboard 
of the vortex flap hinge line instead of along the 
hinge line as prescribed in the design methodology. 
The less than optimal designs were the result of the 
numerical model not accounting for the induced 
effects on the overall flow field of the crank vortex. 

2. The influences of leading-edge sweep and the out- 
board wing panel on the effectiveness of the vortex 
flaps are very small across the range of test parame- 
ters. However, the vortex flap data show a slight 
dependency on LE sweep with the data grouped 
along the planform families at higher angles of 
attack a. For undetermined reasons the baseline 
planform 68/48 tends to follow the trends of the 
family with the constant nondimensional semispan 
leading-edge break location. 

3. Addition of the outboard leading-edge flap greatly 
improves the aerodynamic performance of the con- 
figuration even though hinge line separation occurs. 
The constant radius of the outboard leading-edge 
flap accelerates the flow around the forward-facing 
flap surface, which produces a substantial amount 
of thrust. 


4. Except at the highest test a’s, a straight LE inverse- 
tapered vortex flap nearly duplicates the results of 
the numerically designed vortex flap. 

5. Neither the TE flap end plates nor the outboard LE 
snags produces any discernible effect on the force 
and moment data. 

6. The vortex trap phenomenon is successfully pro- 
duced over the aft inboard portion of the wing. 
However, very high blowing rates in the spanwise 
direction are required to overcome the installation 
penalties. Some of the potential thrust of the span- 
wise blowing jet is recovered by adding a flow 
deflector to turn the spanwise jet flow downstream. 

7. The vortex trap system on the outboard wing panel 
is ineffective. The results indicate that the tapered 
outboard wing panel limited the development of the 
trapped vortex system. 

8. The unstructured grid Euler computer code, 
USM3D, provides an excellent prediction of domi- 
nant upper surface flow features on cranked delta 
wing planforms with vortex and trailing-edge flaps 
as indicated by the outstanding correlation in the 
pressure data and surface flow visualization. 

9. As discussed in the previous section, the force and 
moments predicted by USM3D do not agree well 
with the experimental data across much of the a 
range investigated, but the reasons for the differ- 
ences are well understood. At low a’s, the pre- 
dicted flow overexpands around the discontinuous 
comer of the TE bevel, which results in poor force 
and moment correlation. Above a = 11°, computa- 
tional results could not be obtained. The interaction 
between the inviscid flow separation region, which 
is produced by spanwise flow over the undeflected 
portion of the TE, and the primary vortex probably 
drives the solution unstable. 


NASA Langley Research Center 
Hampton, VA 23681-0001 
September 15, 1995 
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Appendix 


Surface Oil Flow Visualization and Surface 
Pressure Distributions 

Figures A 1 -A 19 present some of the surface flow 
visualization and pressure data obtained during the wind 
tunnel investigation. The surface flow visualization was 


obtained by coating the surface of the model with a mix- 
ture of motor oil and fluorescent dye. Ultraviolet strobe 
lights were used to stimulate the fluorescence. For the 
conditions tested, 40W motor oil produced the best 
results. Surface oil flow visualization data are presented 
for each of the test planforms (table V), but only at 
a = 10°. Similarly, surface pressure data for each plan- 
form are included for selected a’s. Refer to figure 12 for 
pressure port locations. 
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Figure A9. Planform CB 71/48 
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Figure A14. Planform AR 74/48 flow visualization and pressure distributions. q„ = 70 psf; 8 vf = 30°; 8 ih f = 15°; 8 ob f = 15°; and OBLE flaps off. 
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Figure A 15. Planform AR 74/48 flow visualization and pressure distributions, q ^ = 70 psf; S vf = 30°; 5 ibf = 15°; 8 obf = 15°; and OBLE flaps on. 



1.00 













36 
















31 




“- de g r Strip 6 



00' 1 











Figure A1 8. Planform CB 74/48 flow visualization and pressure distributions. q„ = 70 psf; 8 vf = 30°; 8 ]bf = 1 5°; 8^ = 15°; and OBLE flaps on. 
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(b) Pressure distributions at various a’s. 
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(b) Pressure distributions at various a’s. 
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Table L Planform Reference Quantities 


Planform 

S, ft 2 

A 

c, ft 

b, ft 

a MRC, in. 

68 

6.134 

0.828 

2.961 

2.253 

38.867 

68/48 

7.887 

2.381 

2.511 

4.333 

41.764 

68/61 

7.450 

2.161 

2.587 

4.025 

41.529 

b AR 71 

7.533 

0.828 

3.380 

2.498 

44.121 

AR 71r c 

7.196 

0.706 

3.473 

2.253 

43.561 

AR 71/48 

9.654 

2.405 

2.864 

4.818 

47.486 

d CB71 

6.680 

0.760 

3.265 

2.253 

42.056 

CB 71/48 

8.432 

2.227 

2.781 

4.333 

45.146 

CB 71/61 

8.041 

2.015 

2.866 

4.025 

44.847 

AR 74 

9.492 

0.828 

3.974 

2.804 

51.494 

AR 74r 

8.710 

0.583 

4.198 

2.253 

50.149 

AR 74/48 

12.406 

2.409 

3.339 

5.467 

55.702 

CB 74 

7.420 

0.684 

3.684 

2.253 

46.366 

CB 74/48 

9.172 

2.047 

3.159 

4.333 

49.685 

CB 74/61 

8.781 

1.845 

3.253 

4.025 

49.311 


a MRC — measured from nose of model to 50 percent of c . 
b AR — constant-aspect-ratio configuration. 
c r — outer panel removed, no spanwise extension. 
d CB — LE constant break configuration. 


Table II. Vortex Flap Parameters 


Planform 

Flap area, in 2 

Design a, deg 

68/48 

44.40 

10.7 

AR 71 

55.51 

Not applicable 

AR 71/48 

50.36 

10.5 

CB 71/48 

57.86 

11.6 

AR 74 

91.21 

Not applicable 

AR 74/48 

68.07 

9.9 

CB 74/48 

79.78 

11.6 

CB 74/48 (inverse-tapered flap) 

85.35 

Not applicable 
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Coordinates for planform — 

CB 71/48 

AR 74 

AR 74/48 

x , in. 

y, in. 

x y in. 

y, in. 

Xy in. 


0.000 

0.000 


0.000 

0.000 

0.000 

1.120 

.290 

1.661 

.727 

.815 

.451 

2.239 

.584 

3.445 

1.081 

1.751 

.739 

3.360 

.875 

5.248 

1.319 

2.888 

.984 

4.495 

1.097 

7.062 

1.455 

4.187 

1.192 

5.641 

1.260 

8.879 

1.524 

5.591 

1.350 

6.790 

1.398 

10.698 

1.556 

7.053 

1.455 

7.941 

1.519 

12.517 

1.577 

8.547 

1.516 

9.093 

1.633 

14.336 

1.604 

10.056 

1.548 

10.245 

1.743 

16.154 

1.650 

11.572 

1.566 

11.397 

1.848 

17.972 

1.722 

13.089 

1.584 

12.550 

1.944 

19.788 

1.822 

14.602 

1.609 

13.704 

2.030 

21.602 

1.951 

16.104 

1.648 

14.859 

2.106 

23.415 

2.094 

17.590 

1.704 

16.015 

2.170 

25.229 

2.225 

19.055 

1.779 

17.171 

2.224 

27.046 

2.319 

20.496 

1.871 

18.327 

2.265 

28.865 

2.353 

21.911 

1.975 

19.484 

2.293 

30.683 

2.341 

23.299 

2.084 

20.642 

2.306 

32.503 

2.327 

24.661 

2.186 

21.799 

2.303 

34.322 

2.305 

25.998 

2.271 

22.956 

2.281 

36.142 

2.272 

27.312 

2.330 

24.114 

2.238 

37.960 

2.220 

28.607 

2.355 

25.270 

2.172 

39.778 

2.145 

29.888 

2.345 

26.424 

2.080 

41.593 

2.040 

31.162 

2.295 

27.575 

1.962 

43.407 

1.899 

32.437 

2.205 

28.723 

1.815 

45.218 

1.717 

33.721 

2.071 

29.868 

1.641 

47.023 

1.488 

35.024 

1.887 

31.009 

1.440 

48.820 

1.207 

36.354 

1.650 

32.144 

1.215 

50.608 

.868 

37.714 

1.359 

33.275 

.964 

52.384 

.467 

39.104 

1.014 

35.700 

.000 

54.142 

.000 

42.166 

.000 














Table IV. Six-Component Balance Load Capacities and Accuracies 


Parameter 

Maximum 

load 

Load 

accuracy 

Coefficient accuracy, 3 
planform — 

68 

68/48 

Normal force, lb 

3000 

15.00 

0.0349 

0.0272 

Axial force, lb 

250 

1.25 

.0029 

.0023 

Pitching moment, in-lb 

7500 

37.50 

.0025 

.0023 


a Reflects only balance sensitivities and is based on = 70 psf. 



Table V. Planform Matrix for Vortex Flap Investigation 


Planform 

tfoo-f 

psf 

5 vf , deg 

Sibf. de 8 

§obf> de g 

OBLE 

flap 

Appendix 

figures 

Comments 

68 


70 

Off 


Off 
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Vortex flap design configuration 
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OBLE flap slotted with 0.1 -in. gap 
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r 
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OBLE flap slotted with 0.2-in. gap 

AR 

/i 

7 

m 
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15 
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Span wise extension added 

AR 71 

7 
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Spanwise extension added 
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Vortex flap design configuration 
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Table V. Concluded 


Planform 

^005 

psf 

Syf, deg 

Sibf> de g 

6obf- de g 

OBLE 

flap 

Appendix 

figures 

Comments 
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Vortex flap design configuration 
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Inverse-tapered vortex flap 
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74°/48°, constant-aspect-ratio planform AR 74/48 



Vortex 





30 ° (typical of all edges) 



(a) Constant and variable dimensions. 




Planform a, deg c, deg d, deg e, deg f, in. g, in. i, in. j, in. k, in. 1, in. m, in. 































































































































































































Vortex flap 



(a) Vortex flap attachment at cross section normal to leading edge. 


.09< 



(b) OBLE flap attachment at cross section normal to leading edge. 
Figure 5. Leading-edge flap attachment. All linear dimensions are in inches. 





(a) OBLE snag. 



Flap end plates 
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Figure 8. Photograph of inboard vortex trap system with jet deflectors installed. 



Section A-A 

Flow deflector superimposed 


Figure 9. Inboard vortex traps. AJI linear dimensions are in inches. 









Figure 12. Upper surface pressure port strip locations at constant fuselage station (X) or buttline (Y) for instrumented 
planforms. 
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14. Effect 
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Figure 16. Vortex system on cranked delta planform with vortex and TE flaps deployed. 
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Ptanform 






(b) Pitching-moment and LID data. 








Planform 



Figure 18. Longitudinal aerodynamics of cranked delta planforms in cruise configuration. q„ = 70 psf; 8 vf = off; 8 ibf = 0°; 8^ = 0°; and OBLE flaps off. 
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(b) Pitching-moment and LID data. 










Figure 20. Trailing-edge flap effectiveness on cranked delta planforms. = 70 psf; 8 v f = off; 8 jh f = 15°; 8 ob f = 15°; OBLE flaps off; 
and A = TE flaps — cruise. 













(b) Pitching-moment and LID data. 










Planform 




















Planform 



Figure 24. Vortex flap effectiveness for cranked delta planforms. ^ = 70 psf; 8^=30°; 5 ib f=15°; 5^=15°; OBLE flaps off; 
and A = vortex flap on - vortex flap off. 
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(b) Pitching-moment and UD data. 







(b) Pitching-moment and LID data. 









Planform 



Figure 26. Effect of planform variations of outboard wing on vortex flap performance, = 70 psf; 8 vf = 30°; 8 ibf = 15°; 5 obf = 15°; OBLE flaps 
off; and A = vortex flap on - vortex flap off. 




(b) Pitching-moment and UD data. 










Figure 27. Planforms CB 74/48 and 74/61 surface pressure distributions. q„ = 70 psf; 8 vf = 30°; 8 ibf = 15°; 8 obf = 15°; and OBLE flaps off. 
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(b) Pitching-moment and UD data. 







Figure 29. Effect of OBLE flap on vortex flap performance. q„ = 70 psf; 8 vf = 30°; 8 ibf = 15°; 8 obf = 15°; and A = OBLE flaps on - OBLE flaps off. 
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(b) Pitching-moment and LID data. 






OBLE flaps on 










Strip 6 


















Figure 32. Surface flow fields of planform 68/48 with various outboard leading-edge configurations. q oa = 70 psf; a= 10°; 8 vf =30°; 
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Figure 38. Off-body flow visualization of inboard vortex trap system with blowing on and off. q co = 10 psf; a = 8°; 8 vf = 30°; 
8 obf = 15°; 5f t = 45°; 8 at = 30°; and h = 1.5 in. 










(b) Jet deflector installed. 

Figure 40. Surface flow field of inboard vortex trap system. q x = 70 psf; a = 8°; 5 vf = 30°; 5 ob f= 15° 
8 at = 30°; = 0.15; and OBLE flaps on. 


8ft = 45°; 
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10 Traps off 



Figure 41 . Effect of on inboard vortex trap system performance with jet deflectors on. 8 v f = 30°; 8 obf = 15°; 8f t = 45°; 8 at = 30°; h = 1 ,5 in. 
and OBLE flaps on. 
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Figure 45. Surface triangulation for fine grid on planform 68/48. Mach = 0.22; 8 vf = 30°; 8 ibf = 15°; 8 ohf = 15°; and OBLE flaps off. 






Figure 46. Longitudinal aerodynamics for planform 68/48. Mach = 0.22; 5 v f = 30°; 8 it , f = 15°; 8 obf = 15°; and OBLE flaps off. 












Figure 47. Off-body C p contours predicted by USM3D on fine grid of planform 68/48. Mach = 0.22; a =10°; 5 vf =30°; 5 ibf =15°; 8 obf = 15°; 
and OBLE flaps off. 
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Figure 49. Upper surface C p distributions for planform 68/48. Mach = 0.22; 8 vf = 30°; 8 ibf = 15°; 8 obf = 15°; and OBLE flaps off. 
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Figure 49. Concluded. 
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(c) Upper surface pressure contours. 
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